The dif fi cul ties as so ci ated with fab ri ca tion and in ter con nec tion have lim ited the de vel op ment of 2-D ul tra sound trans ducer ar rays with a large num ber of el e ments (>5000). In pre vi ous work, we de scribed a 5 MHz cen ter fre quency PZT-P[VDF-TrFE] dual-layer trans ducer that used two per pen dic u lar 1-D arrays for 3-D rec ti lin ear im ag ing. This de sign sub stan tially re duces the chan nel count as well as fab ri cation com plex ity, which makes 3-D im ag ing more re al iz able. Higher fre quen cies (>5 MHz) are more com monly used in clin i cal applications or im ag ing tar gets near trans duc ers, such as the breast, ca rotid and musculoskeletal tissue. In this pa per, we pres ent a 7.5 MHz dual-layer trans ducer ar ray for 3-D rec tilin ear im ag ing. A mod i fied acoustic stack model was de signed and fabricated. PZT el e ments were sub-diced to elim i nate lat eral cou pling. This sub-dic ing pro cess made the PZT into a 2-2 com pos ite mate rial, which could help im prove trans ducer sen si tiv ity and band width. Full syn thetic-ap er ture 3-D data sets were ac quired by in ter fac ing the trans ducer with a Verasonics data-ac qui si tion sys tem (VDAS). Offline 3-D beamforming was then per formed to ob tain vol umes of a multiwire phan tom and a cyst phan tom. The gen er al ized coherence fac tor (GCF) was ap plied to im prove the con trast of cyst im ages. The mea sured -6 dB frac tional band width of the trans ducer was 71% with a cen ter fre quency of 7.5 MHz. The mea sured lat eral beam widths were 0.521 mm and 0.482 mm in az i muth and el e va tion, re spec tively, com pared with a sim u lated beam width of 0.43 mm.
INTRODUCTION
There are sev eral clin i cal ap pli ca tions of 3-D ul tra sound at pres ent. These ap pli ca tions include screen ing fe tal echocardiography and eval u at ing con gen i tal heart de fects, 1 as sess ing right-ven tric u lar vol ume and func tion, 2 iden ti fy ing ul cers on ca rotid plaque sur face, 3 eval u ating ves sel wall vol ume (VWV), which is a 3-D mea sure ment of the ca rotid ar tery in tima and me dia, 4 guid ance of au ton o mous ro botic breast bi opsy, 5 de tec tion of breast tu mor bed displace ment 6 and mon i tor ing the early stages of frac ture heal ing in the musculoskeletal sys tem. 7 3-D ul tra sound can also be used to per form 3-D photoacoustic and acous tic im ag ing. 8 Sev eral re search ef forts to fab ri cate fully-sam pled 2-D ar rays us ing piezoceramics such as lead zir con ate ti tan ate (PZT) and 1-3 com pos ites have been re ported. [9] [10] [11] [12] The cen ter fre quencies of these ar rays ba si cally range from 2 MHz to 5 MHz. Ca pac i tive micromachined ul trasonic trans duc ers (CMUTs) are also an at trac tive al ter na tive by using stan dard sil i con in te grated-cir cuit tech nol ogy and be cause of its potential for elec tronic in te gra tion. Oralkan et al pro posed a 2-D CMUT ar ray with a 4.37 MHz cen ter fre quency. 13 Philips de vel oped a fully-sam pled 2-D phased ar ray with a 1-6 MHz fre quency range with 9,212 el e ments. 14 How ever, due to the dif fi cul ties in fab ri cat ing the high densely-pop u lated ar rays and pro viding in di vid ual elec tri cal con nec tions to each el e ment, most of the 2-D ar rays have less than 10,000 el e ments and op er ate at fre quen cies lower than 6 MHz. Light et al pre sented cath eter-based 2-D trans ducer ar rays op er at ing at fre quen cies up to 10 MHz with small amount of el e ments for intravascular im ag ing. 15 In ad di tion, there are also chal lenges in ac quir ing and pro cess ing data from a large num ber of chan nels. Sparse ar rays were de signed for 3-D rec tilin ear im ag ing fo cused on sup press ing clut ter. [16] [17] [18] Other po ten tial so lu tions in clude a crossed-elec trode scheme us ing a hemispherically shaped ar ray to scan a py ram i dal volume 19 and our pre vi ous re search on a row-col umn ad dress ing tech nique to sim plify in ter connec tions of a 4 × 4 cm 2 2-D trans ducer ar ray. 20 Dual-layer or multilayer trans duc ers have been pro posed for di ag nos tic ap pli ca tions such as acoustic blad der vol ume as sess ment, 21 si mul ta neous B-mode and Dopp ler du plex im aging 22 and har monic im ag ing. 23 We pre vi ously pro posed a 5 MHz dual-layer trans ducer for 3-D im ag ing. 24 This trans ducer con tained one PZT layer for trans mit and one sep a rate P[VDF-TrFE] co pol y mer layer, closer to the tar gets, for re ceive. Each layer was a 1-D square-shaped ar ray com posed of 256 par al lel elon gated el e ments. The lay ers were ori ented with trans mit and re ceive el e ments per pen dic u lar to each other. By mov ing the lo ca tions of se lected trans mit and re ceive subapertures in two per pen dic u lar di rec tions, re spec tively, a rec ti lin ear vol ume was scanned. This de sign can be viewed as an ar ray with mul ti ple Mills cross ar rays. 25 The dual-layer con fig u ra tion also en abled us to op ti mize ma te ri als sep a rately for dif fer ent lay ers and also iso late trans mit and re ceive elec tron ics.
This pa per de scribes the de sign, fab ri ca tion, test and im ag ing ex per i ments of a 7.5 MHz dual-layer trans ducer with 256 PZT el e ments and 256 P[VDF-TrFE] co pol y mer el e ments. As an other re al iza tion of the afore men tioned dual-layer method, this trans ducer used a thin ner layer of PZT, 125 µm, which re quired a rede sign of the acous tic stack and re fine ment of the fab ri ca tion pro cess. A 4 × 4 cm 2 pro to type was de vel oped to dem on strate the fea si bil ity of the trans ducer. The gen er al ized co her ence fac tor (GCF) 26 was also ap plied to im prove the im age qual ity fur ther more. The ul ti mate goal of this work is to de velop 3-D im ag ing sys tems in the fre quency range of 7.5-12.5 MHz. These sys tems are anal o gous to to day's lin ear ar ray systems that are used for im ag ing breast, ca rotid and musculoskeletal. We aim to have a sys tem with im age qual ity com pa ra ble to a sys tem with a fully-sam pled 2-D ar ray, using a more practi cal trans ducer de sign com bined with suit able sig nal-pro cess ing al go rithms.
METH ODS

Sim u lated beam plots
To eval u ate the the o ret i cal im ag ing per for mance, sim u lated beam plots were ac quired using Field II. 27 The trans mit ap er ture was a 1-D ar ray with an az i muthal el e ment pitch of 150 µm and an elevational height of 38.4 mm. The re ceive ap er ture had an elevational el e ment pitch of 150 µm and an az i muthal length of 38.4 mm. A Gaussi an pulse with a cen ter frequency of 7.5 MHz and 50% frac tional band width was used. For the beam plot, a 128-el ement subaperture was used in both trans mit and re ceive and fo cused on-axis to (x, y, z) = (0, 0, 30) mm. Fig ure 1 shows the sim u lated beam plots of the dual-layer trans ducer. The lines in fig ure 1B are at -10, -20, -30, -40 and -50 dB. The -6 dB beam width is 0.43 mm, and the high est clut ter lev els, around -30 to -40 dB, are seen along the az i muth and el e va tion axes. The clut ter lev els drop off dra mat i cally in re gions away from the prin ci pal az i muth and el eva tion axes. per min ute (rpm) in a Beckman-Coul ter Allaegra 6 cen tri fuge (Fullerton, CA). Af ter lapping, one side of the back ing was sput tered with 500 ang stroms of chrome and 1000 angstroms of gold to pro vide a ground plane for all PZT el e ments.
De sign and fab ri ca tion
A 40 x 40 mm 2 ac tive area size was cho sen by con sid er ing the typ i cal field-of-view used in clin i cal set tings. We also chose a pitch of 150 µm for the ar ray to keep the el e ments spaced less than one wavelength to avoid grat ing lobes. As a re sult, each layer had 256 el e ments. A 40 x 40 mm 2 wa fer of gold-plated 300 µm thick PZT-5H was bonded to the sput tered sur face of the back ing. A DAD321 automatic dic ing saw (DISCO Cor po ra tion, To kyo, Ja pan) with a 28 µm width di a mond blade (DISCO Cor po ra tion, To kyo, Ja pan) was first used to dice the PZT wa fer into 256 elon gated posts at a 150 µm pitch. These first cuts were filled with Epo-Tek 301 ep oxy. Af ter cur ing at room tem per a ture in a dry en vi ron ment for 48 hours, PZT, along with the ex cess ep oxy, was lapped down to the de sired thick ness of 125 µm and sput tered with chrome/gold elec trode on top. A sec ond set of cuts were made by align ing the dic ing saw to the cen ter of the ce ramic posts cre ated by the first set. All cuts were made through the PZT piece and about 50 µm into the back ing. Af ter the sec ond dic ing pro cess, we cre ated the el e ments for a 2-2 com pos ite ar ray with a ce ramic vol ume frac tion around 70%. This sub-dic ing strat egy was used to re duce the width-to-height ra tio of ce ramic posts to around 0.32, which ex ceeded the re quire ment for low lat eral cou pling. 28 With out sub-dic ing, the de ter mined trans ducer spec i fi ca tions would make the width-to-height ra tio close to 1, which would trans late to high lat eral cou pling.
A pro to type 25 µm thick flex i ble cir cuit (Microconnex, Snoqualmie, WA, Flex 1 in fig ure 1) was then bonded to one edge of the PZT ar ray us ing nonconductive ep oxy, with fine alignment be tween PZT el e ments and cop per traces of the flex to cre ate elec tri cal con nec tions. The flex i ble cir cuits were made of 25 µm thick polyimide with 4 mm thick cop per traces printed on one side. A 40 x 40 mm 2 sheet of P[VDF-TrFE] co pol y mer, which had been poled and metalized with Cr/Au on the neg a tive side by man u fac turer, was bonded to the other flex i ble cir cuit (Flex 2 in fig ure 1), iden ti cal to Flex 1, on the pos i tive, unmetalized side. The Cr/Au layer and cop per traces on Flex 2 will serve as ground and "hot" elec trodes, re spec tively, for the co pol y mer el e ments. A sin gle P[VDF-TrFE] co pol y mer el e ment was 75 mm wide and 40 mm long, de fined by the cop per traces. This co pol y mer/flex mod ule was then bonded to the top of the PZT so that the PZT and co pol y mer el e ments were per pen dic ular to each other. A 3 µm thick parylene layer was sput tered on PZT to elec tri cally iso late the el e ments of the two lay ers. The co pol y mer com bines with the two flex cir cuits to serve as a sim ple match ing layer for the PZT trans mit layer, which pos sesses an acous tic im ped ance of around 4 MRayls and a to tal thick ness of 75 mm. This match ing layer was not diced and could pos si bly re duce the an gu lar re sponse of the PZT el e ments. How ever, since we were not do ing steer ing dur ing data ac qui si tion at the pres ent stage, the deg ra da tion of an gu lar response would not af fect the per for mance of the trans ducer sig nif i cantly. In all bond ing steps, the ap plied pres sure was ap prox i mately 100 psi, which as sured a thin enough bond ing thick ness to achieve elec tri cal con tact. The ar ray was finally sealed with nonconductive epoxy to be pro tected from mois ture and pos si ble phys i cal dam age.
Samtec con nec tors (Samtec USA, New Al bany, IN) were sol dered onto both flexes to serve as the in ter face be tween the trans ducer and printed cir cuit boards. A photo of the finished pro to type trans ducer is shown in fig ure 3 .
Data ac qui si tion
Af ter per form ing elec tri cal im ped ance and pulse-echo mea sure ments, the dual-layer trans ducer ar ray was in ter faced with a four-board Verasonics data ac qui si tion sys tem, VDAS (Verasonics, Redmond, WA) us ing cus tom-printed cir cuit boards. This sys tem al -lows us ers to con trol im ag ing pa ram e ters such as ap er ture size, trans mit fre quency, fil ter ing and time-gain com pen sa tion. The VDAS pro vides 256 trans mit chan nels and 128 re ceive chan nels, which re duces the time length of data col lec tion to less than two hours and the com plex ity of op er a tion sig nif i cantly. Fig ure 4 shows a sche matic of trans mit and re ceive el e ments group ing for syn thetic data ac qui si tion. Dur ing ac qui si tion, each of the TX1 el e ments were con nected to 128 in di vid ual chan nels of the VDAS con fig ured to op er ate in trans mit mode while RX1 el e ments were con nected to the remaining 128 sys tem chan nels in re ceive mode. Data from each re ceive chan nel was col lected 100 times with a 36 MHz sam pling fre quency and av er aged to min imize the ef fects of ran dom noise. Next, the RX2 group was con nected man u ally to the same set of re ceive chan nels, thus com plet ing col lec tion from all 256 re ceive el e ment. The above pro cess was re peated for the TX2 group and all trans mit/re ceive el e ment com bi na tions were ac quired. We ac quired 3-D vol umetric data of a home-made 70 x 70 x 70 mm 3 gel a tin phan tom contain ing five pairs of 100 µm di am e ter nitinol wire tar gets, with ax ial sep a ra tion of 0.5, 1, 2, 3 and 4 mm, to eval u ate the spa tial res o lu tion. The bot tom wire in each pair was lat er ally shifted by 1 mm with re spect to the top wire. This back ground ma te rial of the wire phan tom con sisted of 400 g deionized (DI) wa ter, 36.79 g n-propanol, 0.238 g form al de hyde and 24.02 g gel a tin. These in gre di ents and quan ti ties were based on pub lished rec i pes. 29 The sec ond phan tom had an 8 mm di am e ter cy lin dri cal anechoic cyst lo cated at a depth of 30 mm from the trans ducer face. The back ground of this cyst used the same in gre di ents as the wire tar get phan tom plus 3.89 g of graph ite pow der to pro vide scat ter ing.
Beamforming, sig nal pro cess ing and dis play
The ac quired data was im ported into Matlab (Mathworks, Natick, MA) for offline 3-D delay-and-sum (DAS) beamforming, sig nal pro cess ing and im age dis play. RF data was filtered with a 64-tap FIR bandpass fil ter with fre quency range of 4.8-10 MHz. Then beamforming with dy namic trans mit and re ceive fo cus ing of 1 mm in cre ments was done with a con stant subap er ture size of 128 el e ments, or 19.2 mm. A 3-D vol ume was ac quired by se lect ing the ap pro pri ate trans mit subap er tures in az i muth and re ceive subapertures in ele va tion to fo cus a beam di rectly ahead. The di men sions of the ac quired vol ume were 38.4 (az i muth) x 38.4 (el e va tion) x 44.5 (ax ial) mm 3 . The gen er al ized co her ence fac tor (GCF) was cal cu lated and used as a weight ing fac tor for the re con structed im ages of the cyst phantom to im prove con trast of the im ages. Af ter 3-D beamforming, en ve lope de tec tion was done us ing Hilbert trans form. Im ages were then log-com pressed and dis played with proper dy namic ranges. Az i muth and el e va tion B-scans are dis played along with C-scans that are par al lel to the trans ducer face. The above pro cess ing was per formed on a Mac OS X 10.6.7 and took about four hours for com pu ta tion.
EX PER I MEN TAL RE SULTS
Im ped ance mea sure ments
Ex per i men tal electrical im ped ance mea sure ments of the trans ducer were taken us ing an Agilent 4294A im ped ance an a lyzer (Santa Clara, CA). Fig ure 5 shows the elec tri cal im pedance re sults of both lay ers by sim u la tion us ing 1-D KLM modeling soft ware (PiezoCAD, Sonic Con cepts, Woodinville, WA), 30 and by ex per i ments. For PZT, the sim u lated im pedance mag ni tude was 20 W at a se ries res o nance fre quency of 11.5 MHz while the ex per i mental im ped ance curve showed a se ries res o nance of 45 W at 11.4 MHz. The phase plots peak at 15.4 MHz for the KLM sim u la tion and at 14.8 MHz in the ex per i men tal case. For the P[VDF-TrFE] co pol y mer, the impedance mag ni tude was 806 W at 11.4 MHz in sim u la tion and the mea sured im ped ance mag ni tude was 1.11 kW. No res o nance peaks are seen in the im ped ance mag ni tudes and the phase re mains near 83° to 86°.
Pulse-echo mea sure ments
Pulse-echo mea sure ments of the trans ducer were made in a wa ter tank us ing a Panametrics 5900PR pulser/re ceiver (Waltham, MA) with an alu mi num plate re flec tor. To mimic im aging con di tions, the ex ci ta tion pulse was ap plied to a PZT el e ment and a co pol y mer el e ment was used as the re ceiver. Figure 6 shows the sim u lated and ex per i men tal time and fre quency re sponses of the pulse-echo sig nals. In sim u la tion, the cen ter fre quency was 8.8 MHz with a -6 dB frac tional band width of 53%, com pared to a 7.5 MHz cen ter fre quency with a -6 dB frac tional band width of 71% in ex per i ment. Low-am pli tude re ver ber a tions af ter the pulse peak are seen in both the sim u la tion and ex per i men tal pulses in the time do main. Fig ures 7(a)-(c) show the az i muth B-scan, el e va tion B-scan and C-scan, re spec tively, when the short axis of wire tar gets were in el e va tion. The az i muth B-scan ( Fig. 7(a) (Fig. 8B) . In both cases, the wire clos est to the trans ducer was used for measure ment. The -6 dB beam width in az i muth was 0.521 mm and 0.482 mm in el e va tion compared to a sim u lated beam width of 0.43 mm in both di rec tions rep re sented by the dashed curves based on Field II. Sidelobes above -15 dB and some clut ter around -20 dB were present in both fig ures and more se vere clut ter was ob served in az i muth than in el e va tion. Com par i son of con trast-to-noise (CNR) ra tio of vol umes be fore and af ter GCF pro cess ing is listed in ta ble 1. Im proved im age con trast was achieved by ap ply ing GCF ac cord ing to the CNR val ues.
3-D im ag ing-multiwire phan tom
3-D im ag ing-cyst phan tom
DIS CUS SION AND CON CLU SIONS
In this pa per, we de scribed the de sign, fab ri ca tion, test and im ag ing of a 7.5 MHz frequency dual-layer trans ducer ar ray us ing PZT and P[VDF-TrFE] co pol y mer for trans mit and re ceive, re spec tively. Com pared to the ini tial 5 MHz trans ducer, fab ri ca tion of higher fre quency dual-layer trans duc ers re quires a new de sign and ad di tional fab ri ca tion steps. Design con strains such as el e ment as pect ra tio and num ber of el e ments be came more strin gent as the fre quency in creases. We ad dressed these con sid er ations in this pa per and de scribed meth ods to de sign these types of trans duc ers for 7.5 MHz. Ex per i men tal mea sure ments of the trans ducer showed good agree ment with sim u la tion re sults. By im ag ing the multiwire phan tom, lateral res o lu tion was im proved due to a higher cen ter fre quency. In or der to improve im age qual ity fur ther, we ap plied GCF on the cyst phan tom im ages that con tained speck les from scat ter ers in the back ground. The contrast of the im ages was en hanced af ter be ing GCF pro cessed. By com bin ing GCF with a higher cen ter fre quency dual-layer transducer, we achieved better im age qual ity in terms of res o lu tion and con trast. Fig ure 8 shows that clut ter lev els were higher in the az i muth di rec tion than in the el e va tion di rec tion. The dif fer ence in clut ter lev els be tween the two di rec tions was also re flected in qual ity of im ages. In cyst phan tom im ages, when the long-axis of the cyst was in the az i muth di rec tion, clut ter contribution from the az i muth sidelobes was min i mized or not even present. This re sult is con sis tent with the cyst im ages that show the high est CNR when the long axis of the cyst was in the az i muth di rec tion ( Figs. 10(a)-(c) ). When the long-axis of the cyst was in the el e va tion di rec tion, clut ter con tri bu tions from the az i muth sidelobes were greater, re sult ing in a lower CNR. CNR val ues were low est when the cyst lied along the di ag o nal (Figs. 10(g)-(i)). This is expected since clut ter con tri bu tions from both prin ci pal axes were pre sent. 
